Ubiquitylation, the modification of cellular proteins by the covalent attachment of ubiquitin, is critical for diverse biological processes including cell cycle progression, signal transduction and stress response. This process can be reversed and regulated by a group of proteases called deubiquitylating enzymes (DUBs). Otubains are a recently identified family of DUBs that belong to the ovarian tumour (OTU) superfamily of proteins. Here, we report the first crystal structure of an OTU superfamily protein, otubain 2, at 2.1 Å resolution and propose a model for otubainubiquitin binding on the basis of other DUB structures. Although otubain 2 is a member of the cysteine protease superfamily of folds, its crystal structure shows a novel fold for DUBs. Moreover, the active-site cleft is sterically occluded by a novel loop conformation resulting in an oxyanion hole, which consists uniquely of backbone amides, rather than the composite backbone/side-chain substructures seen in other DUBs and cysteine proteases. Furthermore, the residues that orient and stabilize the active-site histidine of otubain 2 are different from other cysteine proteases. This reorganization of the active-site topology provides a possible explanation for the low turnover and substrate specificity of the otubains.
INTRODUCTION
In eukaryotes, the modification of cellular proteins by ubiquitin is one of the most important regulatory mechanisms determining protein stability and function. Almost as common as protein phosphorylation, ubiquitylation is critical for diverse biological processes including cell cycle progression, signal transduction and stress response (Hershko & Ciechanover, 1998; Ben-Neriah, 2002; Pickart, 2004) . The covalent attachment of ubiquitin to target proteins involves a cascade of enzymatic reactions catalysed by ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s) and ubiquitin-protein ligases (E3s) (Hershko & Ciechanover, 1998; Pickart, 2004) . Ubiquitin is linked by an isopeptide bond formed between its carboxy-terminal glycine and the e-amino group of lysine of the target protein. Deubiquitylation is catalysed by a heterogeneous group of cysteine proteases called deubiquitylating enzymes (DUBs; Wilkinson, 1997; Kim et al, 2003) . On the basis of their sequences and activities, DUBs have been divided into two principal families of cysteine peptidases: ubiquitin C-terminal hydrolases (UCHs) and ubiquitin-specific proteases (USP/UBPs). Furthermore, several novel cysteine protease families with DUB activity have been identified, including cylindromatosis tumour suppressor (CYLDs), ataxins and josephines (Borodovsky et al, 2002; Burnett et al, 2003; Scheel et al, 2003) . Additionally, a new deubiquitylating activity has been associated with the proteasomal Rnp11/POH1 protein (MaytalKivity et al, 2002; Verma et al, 2002; . The inhibition profile of this 'cryptic' protease suggests that Rnp11, along with its signalosome analogue JAB1 (Cope et al, 2002) , defines a new class of DUB-the JAMM, Jab1/MPN domain metalloenzyme family. This has been strongly supported by crystal structures of the JAMM motif, which show a fold that resembles that of cytidine deaminase and thermolysin, and places JAMM in a superfamily of metal-dependent hydrolases (Tran et al, 2003; Ambroggio et al, 2004) .
Only two families of DUBs have been well characterized structurally and biochemically-UCHs (Johnston et al, 1997 (Johnston et al, , 1999 and USP/UBPs (Hu et al, 2002 )-both of which are cysteine proteases (Wilkinson, 1997) . Despite having different overall structures, topologies and mechanisms of substrate recognition, they show a nearly identical papain-like geometry at the active site, including a characteristic organization of the catalytic triad and highly conserved positioning of the oxyanion hole. This similarity implies that DUBs in general might use a common catalytic mechanism for ubiquitin cleavage.
We have described the ubiquitin isopeptidase activity of two new proteins called otubain 1 and 2 that have no sequence homology to known DUBs, but which belong to the ovarian tumour (OTU) superfamily of proteins (Balakirev et al, 2003) .
Otubain 1 has also been shown to interact with the specific DUB inhibitor Ub 1-75 -bromoethylamide (Borodovsky et al, 2002) . The OTU superfamily comprises more than 100 proteins from different organisms, including other proteins with isopeptidase activities such as Cezanne (Evans et al, 2003) and A20 (Evans et al, 2004) . Both A20 and otubain 1 are involved in the regulation of cell immune response: A20 protein is an inhibitor of the NF-kB signalling pathway (Beyaert et al, 2000) , whereas otubain 1 is a key regulator of T-cell anergy through the RING-type ubiquitin ligase GRAIL (Soares et al, 2004) . Thus far, no biological role has been attributed to otubain 2. Although it has been demonstrated that OTU domain DUBs interact with a number of cellular proteins (Beyaert et al, 2000; Soares et al, 2004) , the molecular mechanisms underlying their function are largely unknown. The low activity of otubains, their partnership with other DUBs and ubiquitin ligases, and their apparent specificity for isopeptide bonds all imply a different role from that of previously characterized DUBs (Balakirev et al, 2003; Soares et al, 2004) . To identify possible determinants of otubain activity, we have determined the crystal structure of otubain 2 to 2.1 Å resolution (Fig 1) .
RESULTS AND DISCUSSION
Otubain 2 has an overall dimension of 48 Å Â 30 Å Â 50 Å , and consists of a five-stranded b-sheet sandwiched in between a small helical amino-terminal region consisting of a1 and a2, and a large helical region comprised of a3-a10 (Fig 1) . The active site is formed at the interface of a3 and the loop connecting strands 4 and 5 of the b-sheet, and contains the catalytic triad, Cys 51, His 224 and Asn 226 (Figs 1,2) . The structure of the active site of otubain 2 confirms that OTU superfamily proteins in general, and otubains in particular, are members of the cysteine protease superfamily of folds. This is in accordance with previous studies that have shown that Cys 51 and His 224, as well as their homologous residues in otubain 1, are required for catalysis (Balakirev et al, 2003; Soares et al, 2004) . However, the overall three-dimensional structure of otubain 2 is distinct from that of previously characterized DUBs and other cysteine proteases, with no similarity to any known structures, as verified using the DALI algorithm (Holm & Sander, 1995) . To elucidate the similarities and differences between otubain 2 and other cysteine proteases, we performed a systematic structural comparison of otubain 2 with 18 other catalytic triad-containing cysteine protease structures from the MEROPS database (Rawlings et al, 2002) . From this analysis, we were able to determine that the catalytic cysteine (Cys 51) and histidine (His 224) are structurally conserved with other cysteine proteases, and that otubain 2 has a novel sterically restricted active-site cleft (Fig 2) . Additionally, we have created a model of ubiquitin interaction on the basis of the structures of Yuh1 and HAUSP, DUBs from the UCH and UBP families, respectively.
The active-site cysteine and histidine residues and the core helix (a3) and strands (b4 and b5) are structurally well conserved with other cysteine proteases (Fig 2A) . The similarity in the sidechain orientations of Cys 51 and His 224 in otubain 2 to those of other cysteine protease structures implies that they are in a catalytically productive geometry in otubain 2. In many cysteine proteases, a third residue is postulated to orient the active-site histidine or stabilize the imidazolium ion that is generated by deprotonation of the active-site cysteine. On the basis of sequence analysis, it was previously assumed that Asp 48 fulfilled this role (Makarova et al, 2000) . However, in otubain 2, the side chain of Asp 48 is more than 8 Å from the active-site histidine, and thus too far to interact directly with His 224 (Fig 2) . Instead, a hydrogenbonding network is formed between Od of Asn 226, Og of Thr 45, the carbonyl oxygen of Thr 45, and Ne of His 224 (Fig 2) . Both Thr 45 and Asn 226 (Asp in otubain 1) are highly conserved in all known otubain sequences, further underlining their importance (Fig 3) . This hydrogen-bonding network is not seen in other DUBs and cysteine proteases. The involvement of Asn 226 in catalysis is supported by observations that mutation of Asn 226 to alanine inhibits the cleavage of ubiquitin C-terminal 7-amido-4-methylcoumarin (Ub-AMC) by otubain 2 (supplementary Fig S1 online) . Although the position of Asn 226 is novel, it is likely that it orients and stabilizes His 224 in the same fashion as in other cysteine proteases.
The loop preceding the active-site helix (residues 44-48) is in a conformation that is substantially different from all other structurally characterized cysteine proteases (Fig 2) . The loop is shifted towards Cys 51 and His 224, generating a much more spatially restricted active site. As a result of this, it is possible that this structure represents a self-inhibited state. This novel conformation is not a consequence of crystal packing, as symmetryrelated protomers do not make contacts near this loop region, and it is in the same conformation in a second crystal form (unpublished data). It has previously been shown that reorganization of active-site residues and secondary structural elements occurs in UCHL3/Yuh1 and HAUSP on ubiquitin binding. Similarly, conformational changes occur on release of proenzyme regions in other cysteine proteases. However, the structure of the 44-48 loop is distinct from UCHL3/Yuh1 and HAUSP in both their unbound and ubiquitin-bound forms (Fig 2B) . Notably, the positioning of the 44-48 loop is structurally distinct from the L9 loop of UCHL3, which has previously been implicated in Structure of a novel ubiquitin-specific protease M.H. Nanao et al autoinhibition (Johnston et al, 1997) . Indeed, in the region of the catalytic triad, both HAUSP and Yuh1 show a slightly more open active site in their unbound forms than in their ubiquitin-bound forms. However, in contrast to HAUSP, the geometry of the otubain 2 active site, as determined by the orientations of the active-site triad, is in a catalytically productive conformation in the absence of bound ubiquitin. Thus, if otubain 2 is inhibited by the conformation of the 44-48 loop, it could represent a novel mechanism of autoinhibition. Alternatively, the spatially restricted active site may explain the observed specificity of otubains towards an isopeptide bond, because this type of linkage should present much less sterical hindrance at the P 0 position compared with a peptide bond.
Besides inducing a more spatially restricted active-site cleft, the 44-48 loop also induces a novel structure for the oxyanion hole. In most cysteine proteases, a glutamine located 5-7 residues before the active-site cysteine and the backbone amide group of the catalytic cysteine stabilize the oxyanion reaction intermediate (Fig 2B; Rawlings et al, 2002) . Although Cys 51 is structurally homologous to other cysteine proteases, no known otubain sequences have a glutamine or an asparagine immediately preceding the active-site cysteine. Additionally, the 44-48 loop is positioned closer to the active-site residues, which leaves no room for an asparagine or a glutamine to stabilize the oxyanion reaction intermediate. These two facts make a novel oxyanion hole organization necessary. In looking for hydrogen bond donors in the vicinity of Cys 51, it becomes apparent that otubains use the amide of Cys 51 in combination with the backbone amide of Asp 48 to form the oxyanion hole. The amide of Asp 48 mimics the hydrogen-bonding potential of the terminal nitrogen of the canonical oxyanion glutamine (Fig 2B) . Replacement of the oxyanion-stabilizing side chain with a main-chain amide is unknown in cysteine proteases, but is well established in serine proteases (Blevins & Tulinsky, 1985) and acetylcholinesterases (Sussman et al, 1991) . This model of the oxyanion hole is also well supported by our model of ubiquitin interaction (Fig 4) .
To create a structural model of otubain-ubiquitin interactions, we overlaid the otubain 2 structure with ubiquitin-bound structures of Yuh1 (Johnston et al, 1999) and HAUSP (Hu et al, 2002) on the basis of their active sites. The active-site cysteine, histidine and secondary structure elements align well with those of otubain 2. Despite very different contacting residues, the Cterminal residues of ubiquitin aldehyde from Yuh1 and HAUSP are largely superimposable, lending further credence to the idea of a common structural geometry for ubiquitin binding. We identified a hydrophobic pocket similar to that found in HAUSP, which is formed by residues Tyr 195, Phe 208, Tyr 220 and Tyr 225 (Fig 4) . Nearer to the active-site, a loop that is structurally conserved among HAUSP, Yuh1 and otubain 2 consisting of residues 173-177 also contacts ubiquitin in our model. Interestingly, we identified a potential metal-binding site, formed by His 205, His 206 and His 177, which is in a region that Structure of a novel ubiquitin-specific protease M.H. Nanao et al contacts ubiquitin in the HAUSP complex (Fig 4) . Despite having side chains oriented in a geometry that could coordinate a metal ion, no metal ion density was seen, and initial enzymatic assays were unaffected by the addition of zinc, EDTA or phenanthroline. This motif is structurally unrelated to the recently structurally characterized NZF module (Alam et al, 2004) . (Fig 3) . Recently, several members of a large superfamily of proteins containing OTU domains have been shown to possess deubiquitylating activity (Balakirev et al, 2003; Evans et al, 2003 Evans et al, , 2004 . However, no structural information on this intriguing class of DUBs has been available until now. We have determined the structure of otubain 2, a new type of DUB containing an OTU domain. The structure shows that otubains differ structurally from other DUBs in both their overall structure and active-site topology. Furthermore, several compensatory changes, including a novel hydrogen-bonding network to the active-site histidine and an oxyanion hole geometry that is unknown in cysteine proteases, are observed. The structural similarity between the active-site cysteine and histidine and other cysteine protease structures suggests a catalytically active state, whereas the reduction in the volume of the active-site loop points to a self-inhibited conformation. Alternatively, the active-site loop conformation could be implicated in the specificity of otubains for isopeptide bond (Balakirev et al, 2003; Soares et al, 2004) . The elucidation of the significance of the novel conformation of the active-site loop awaits further structural and biochemical studies.
METHODS
Protein purification and crystallization. N-terminally His-tagged otubain 2 was cloned into a pET20 expression vector. A mutation from G49 to an arginine was induced during cloning. It is unlikely that this mutation introduces any structural rearrangements, as there is no visible electron density for the side chain of this residue, implying that the side chain is disordered. More importantly, this mutant is catalytically active and hydrolyses Ub-AMC with a k c about one-third of that of wild-type enzyme (supplementary Fig S1 online) . This decrease in catalytic activity could result from sterical hindrance of the active-site cleft by the Structure of a novel ubiquitin-specific protease M.H. Nanao et al arginine side chain and/or from the introduction of a positive charge in the neighbourhood of the active site. Finally, it should be noted that other otubain family members also have an arginine at this position. Protein was expressed in Escherichia coli BL21 (DE3) cells and purified on Ni NTA agarose (Qiagen) by a single elution step of 200 mM imidazole in buffer A (50 mM Tris (pH 8.0), 500 mM NaCl, 0.5 mM dithiothreitol (DTT)). Eluted samples were pooled, concentrated and dialysed against buffer A in the presence of 1,000 U of TEV protease. The cleaved and dialysed sample was subsequently depleted on a Ni NTA column to remove any uncleaved product. Protein was subsequently concentrated to 1 ml and loaded onto a Superdex 200 HiLoad 16/60 column (Amersham Pharmacia) gel filtration column in 50 mM NaCl, 5 mM DTT and 20 mM Tris (pH 8.0). Peak fractions were pooled and concentrated to 20-30 mg/ml and stored at À80 1C. Selenomethionine protein production was performed by the methionine pathway inhibition method (Doublié, 1997) . Sample purity and selenomethionine substitution (not detectably less than 100%) were confirmed by ESI-MS. Crystals of otubain 2 in the space group P2 1 2 1 2 1 with one protomer in the asymmetric unit were obtained by the hanging-drop vapour diffusion method at 15 1C using 2 ml drops and reservoir conditions of 14% PEG 4000, 0.1 M HEPES (pH 7.0), 12% isopropanol and 5 mM DTT. Although crystals formed overnight, none was of suitable quality for diffraction experiments. Initial crystals were used to generate larger crystals by microseeding. Crystals were transferred to a cryoprotection solution containing 20% PEG 4000, 0.1 M HEPES (pH 7.0) and 5 mM DTT; subsequently, PEG concentration was increased to 25% after a 20 min soak. Most crystals diffracted anisotropically with poor spot shape, but about one crystal in 30 diffracted well. Structure determination. Phases were obtained from a fourwavelength MAD experiment (supplementary Table S1 online). Oscillation data were processed in Denzo/Scalepack (Otwinowski & Minor, 1997) and imported into SOLVE (Terwilliger & Berendzen, 1999) , which identified the two ordered selenium atoms. Data were imported into the CCP4 (Collaborative Computational Project) package, and all three non-remote wavelengths were scaled to the remote wavelength using SCALEIT (Collaborative Computational Project). Selenium positions were then refined in SHARP (La Fortelle & Bricogne, 1997) , and the map was improved by solvent flipping using the SOLOMON (Collaborative Computational Project) and DM packages. The resulting map was of excellent quality, and ARP/WARP (Perrakis & Lamzin, 1999) was used to automatically build and assign sequence to B80% of the model. The remaining model was built manually in O (Jones et al, 1991) and refined in REFMAC (supplementary Table S2 online; Collaborative Computational Project). Out of the 234 residues of otubain 2, 221 residues are visible in the structure. The remaining residues are in disordered regions at the N-terminus (M1-F6) and a seven-residue loop consisting of E198-N204. Final refinement statistics are shown in supplementary Table S2 online. The structure has been deposited in the PDB with code 1TFF. Structural alignments. For all clans with an active-site triad and an available structure in MEROPS (Rawlings et al, 2002) , structural alignments were performed with LSQKAB (Collaborative Computational Project). Structures were aligned on the basis of main-chain atoms at positions nÀ2 to n þ 1 and mÀ2 to m þ 1, where n is the position of the catalytic cysteine and m the position of the catalytic histidine. Molecular graphics. All structural figures were generated by PyMOL v.93 for OS X (Delano, 2002) . Supplementary information is available at EMBO reports online (http://www.emboreports.org).
